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The recent detections of the gravitational wave (GW) event GW170817 and its electromagnetic
counterpart GRB 170817A produced by a binary neutron star (NS) merger is a new milestone of
multimessenger astronomy. The time interval between these two signals has attracted widespread
attention from physicists. In the braneworld scenario, GWs could propagate through the bulk
while electromagnetic waves (EMWs) are bounded on the brane, i.e., our Universe. Therefore, the
trajectories of GWs and EMWs may follow different pathes. If GWs and EMWs are originated
simultaneously from the same source on the brane, they are expected to arrive at the observer
successively. Consequently, the time delay between GW170817 and GRB 170817A may carry the
information of the extra dimension. In this paper, we try to investigate the phenomenon in the
context of a five-dimensional dS (dS5) spacetime. We first study two special Universe models, i.e.,
de Sitter and Einstein-de Sitter models, and calculate the gravitation horizon radius in each case.
For the real Universe, we then consider the ΛCDM model. Our results show that for the de Sitter
model of the Universe, the dS5 radius could not contribute to the time delay. With the data of the
observation, we constrain the dS5 radius to ℓ & 7.5 × 10
2 Tpc for the Einstein-de Sitter model and
ℓ & 2.4 × 103 Tpc for the ΛCDM model. After considering the uncertainty in the source redshift
and the time-lags given by different astrophysical processes of the binary NS merger, we find that
our constraints are not sensitive to the redshift in the range of (0.005, 0.01) and the time-lag in the
range of (−100 s, 1.734 s).
I. INTRODUCTION
The nature of gravitational waves (GWs) is the per-
turbations of spacetime. But such perturbations are so
weak that it took humans decades to detect them. Since
GWs were first detected by the LIGO and Virgo col-
laborations in 2015 [1], in just two or three years, they
have detected more than ten GW events through grav-
itational observation. These events involve the binary
black hole mergers as well as the binary neutron star
(NS) merger [1–6]. The latter is a special case, be-
cause the binary NS is widely expected to radiate both
short gamma ray bursts (SGRBs) and GWs during its
merger [7–16]. In the event GW170817, the collabora-
tion of the LIGO-Virgo detectors, the Fermi Gamma-ray
Burst Monitor (GBM), and the spectrometer on board
INTEGRAL Anti-Coincidence Shield (SPI-ACS) found
that the gravitational signal GW170817 originated from
the merger of a binary NS is followed by the electromag-
netic (EM) signal GRB 170817A [6, 17–19]. Since the
source of GRB 170817A is very close to the source of
GW170817 and the time interval between the two sig-
nals is only 1.7 seconds, most people believe that GRB
∗liuyx@lzu.edu.cn, corresponding author
170817A is an EM counterpart of GW170817 [6, 17–20].
Although it is now widely accepted that a binary NS
merger could emit GWs and SGRBs, the time interval
between the events GW170817 and GRB 170817A is still
nerve-racking. So far, there are plenty of researches at-
tempting to explain the time delay. From the perspective
of the gravity itself, the linearized Einstein equation has
various forms in different modified gravities, so the prop-
agation speed of the introduced extra GW polarization
modes could deviate from the speed of light [21–27]. On
the other hand, the binary NS could undergo some ex-
otic astrophysical processes during its merger. In these
processes, the generation of the GWs and SGRBs may
not be simultaneous [11–16].
In higher-dimensional theories, the time delay between
the GWs and SGRBs is also reasonable [28–33]. After
one hundred years of development of the extra dimen-
sional theories from Kaluza-Klein (KK) theory [34–36],
most famous higher-dimensional theories agree with that
our Universe is a four-dimensional hypersurface (called
brane) embedded in a higher-dimensional spacetime. In
this scenario, the elementary particles and interactions
in the Standard Model are confined on the hypersur-
face, while the gravity could propagate through the
bulk. It indicates the possibility that the trajectory of
five-dimensional null geodesics might deviate from light,
which hence may result in the time delay [30, 32, 33].
2Apart from the time delay, extra dimensions have an-
other important effect on GWs, which may reveal the
number of spacetime dimensions. In higher-dimensional
theories, since GWs could propagate through the bulk,
they will leak into extra dimensions (called gravitational
leakage) when propagating in our Universe. Therefore,
for a given higher-dimensional theory, the amplitude of
GWs will decay faster than the expectation in the four-
dimensional theory. It is then expected that the gravita-
tional leakage will reduce the amplitude of the observed
GWs and make the four-dimensional observer to mis-
judge the travel distance of the GWs. Generally speak-
ing, the more extra dimensions in the spacetime, the
faster the amplitude of GWs will decay during their prop-
agation. According to this and the data of GW170817,
the modified amplitude of the GWs in a specific higher-
dimensional theory was used to constraint the number of
spacetime dimensions [37–40]. The results shown that,
the number of spacetime dimensions could be larger than
four.
On the other hand, it is well known that some extra
dimensional theories could unify gravity and electromag-
netism [34–36] and solve the huge hierarchy between the
fundamental scales of gravity and electromagnetism [41–
44]. All of these features indicate that it is important
to investigate the structure of extra dimensions and it is
worth paying close attention to revealing the information
of it from the time delay and its other effects.
Recently, a five-dimensional theory with static spheri-
cally symmetric anti–de Sitter (AdS) spacetime was stud-
ied in Refs. [30, 32, 33]. The brane is embedded as a
curved hypersurface in this model and the null trajec-
tories of GWs and electromagnetic waves (EMWs) are
concerned. Similar to most extra-dimensional theories,
EMWs are confined on the brane while GWs could prop-
agate through the bulk. It was found that the gravita-
tional horizon radius on the brane is effected by the struc-
ture of the bulk spacetime. Then the discrepancy be-
tween the gravitational horizon radius and photon hori-
zon radius, which may eventually result in the time delay,
could be used to reveal the feature of the AdS5 radius. In
Ref. [32], the authors analyzed such model with the as-
sumption that our Universe is closed. The cases that our
Universe is dominated by either dark energy or nonrela-
tivistic matter were discussed. In both cases, the present-
day spatial curvature density is constrained to the scale
of 10−10 which is much smaller than the result obtained
by the Planck collaboration [45, 46]. Later, it was found
that the time delay also occurs even if our Universe is
flat [33]. In this case, the AdS5 radius is required to be
smaller than 0.535Mpc at 68% confidence level.
In this work, we focus on the braneworld embedded
in a five-dimensional de Sitter (dS5) spacetime, which is
on account of the following motivations. The cosmologi-
cal observations indicate that the phase of our very early
Universe is a dS phase and that the Universe may ulti-
mately dominated by the dark energy (which is also a
dS phase). So it is worth generalizing the bulk spacetime
into a dS5 case where the braneworld could be realized by
a quantum creation from the holographic dS/CFT cor-
respondence [47, 48]. On the other hand, it was already
found that the dS4 brane with a modified Friedmann-
Lemaˆıtre-Robertson-Walker (FLRW) equation could be
constructed in the dS5 bulk [49–52]. The mass, en-
tropy, holography, and other properties of the five-
dimensional Schwarzschild-dS black hole were also dis-
cussed in Refs. [52–56]. All these breakthroughs indicate
that studying the structure of the dS5 spacetime has a
guiding significance for us to understand our Universe.
Inspired by Refs. [30–33], we then try to constrain the
dS5 radius with the observed time delay between the de-
tections of GW170817 and GRB 170817A. For a dS5 bulk,
we would like to embed our Universe inside the cosmolog-
ical horizon so that the scale factor of our Universe could
increase from a(t0 = 0) = 0. Indeed, it might require a
large dS5 radius. On the other hand, it has been proved
that the standard cosmology model will be recovered on
the brane as long as the dS5 radius is extremely large [49–
52]. Therefore, if such braneworld is true, the constraint
from the observed time delay should allow the existence
of the large dS5 radius. We adopt two special toy mod-
els and ΛCDM model for our Universe to calculate the
discrepancy between the gravitational horizon radius and
photon horizon radius. With the event GW170817/GRB
170817A, we respectively obtain two lower bounds on the
dS5 radius, ℓ & 7.5× 102Tpc (Einstein-de Sitter model)
and ℓ & 2.4× 103Tpc (ΛCDM model), which are consis-
tent with the above analysis.
The following context is arranged as follows. In Sec. II,
we construct the brane model in a five-dimensional static
spherically symmetric dS spacetime, where our Universe
is embedded. We then give the abstract forms of the
gravitational horizon radius and photon horizon radius
in Sec. III. In order to express the gravitational horizon
radius in a practical form, we convert the unknown quan-
tity into the observable quantities in Sec. IV. Combined
with the data of GW170817 and GRB 170817A, we give
the constraint on the dS5 radius in Sec. V. Finally, we
make a short conclusion in Sec. VI.
II. EMBEDDED UNIVERSE
We start from a five-dimensional spherically symmetric
spacetime with the metric:
ds25 = −f(R)dT 2 + f(R)−1dR2 +R2dΣ2k, (1)
where T is the coordinate used to denote the sequence of
events, dΣ2k is a metric on a locally homogeneous three-
dimensional surface of constant curvature k:
dΣ2k =
1
1− kr2 dr
2 + r2dθ2 + r2sin2θdφ2, (2)
and R is the spatial coordinate denoting the radial coor-
dinate distance of the hypersurface Σk from the coordi-
nate origin. Here and after, we assume that the geometry
3of the bulk is dominated by a bulk cosmological constant.
Then we can get a series of Schwarzschild-like solutions
of the metric by solving the Einstein equation with the
bulk cosmological constant:
f(R) =


k (k 6= 0) for Minkovski bulk
k − R
2
ℓ2
− µ
R2
for dS bulk
k +
R2
ℓ2
− µ
R2
for AdS bulk
. (3)
where the parameter ℓ is the dS5 (AdS5) radius and µ is
the Schwarzschild-like mass. For a dS5 spacetime, there
are a cosmological horizon at
Rch =
√(
kℓ2 +
√
k2ℓ2 − 4µ ℓ
)
/2 (4)
and a black hole horizon at
Rbh =
√(
kℓ2 −
√
k2ℓ2 − 4µ ℓ
)
/2 (5)
for a positive k. In this paper we will set µ = 0 and k > 0
for convenience. Therefore, the black hole horizon van-
ishes and the cosmological horizon reduces to Rch =
√
kℓ.
Note that an observer with velocity V µ = (1, 0, 0, 0, 0)
follows a timelike geodesic inside the cosmological hori-
zon.
To embed our Universe in the dS5 spacetime, we intro-
duce the following constraint
−f(R)dT 2 + f(R)−1dR2 = −dt2, (6)
such that the induced metric of the four-dimensional sub-
manifold (three-dimensional brane and one-dimensional
time) coincides with the FLRW metric of our Universe:
ds24 = −dt2 +R2
( 1
1− kr2 dr
2 + r2dθ2 + r2sin2θdφ2
)
(7)
with
R = a(t) (8)
on the brane. Here t and a(t) are the cosmological time
and the scale factor of our Universe, respectively. The
constraint condition (6) implies that the brane is a four-
dimensional hypersurface embedded in the dS5 space-
time. The diagram of our Universe with a time interval
is shown in Fig. 1. It is obvious that our Universe at
each moment corresponds to a three-dimensional sphere
S3 with a constant radial distance R on the hypersurface.
In the braneworld scenario, the particles and inter-
actions in the Standard Model are confined on the
brane while gravity propagates through the bulk. Con-
sequently, EMWs and GWs may follow different null
curves. Since GWs follow the five-dimensional null
geodesics, their trajectory (called shortcut) is expected
FIG. 1: A schematic picture of our Universe in the dS5 space-
time with a time interval and constants θ and φ. Each circle
on the hypersurface denotes a spacelike curve with constant
R. Each line orthogonal to the circles on the hypersurface de-
notes a four-dimensional timelike geodesic evolving with the
cosmological time t. The blue dashed curve is the trajectory
of EMWs on the brane. The red solid curve is the trajec-
tory of GWs in the bulk. Event A denotes the simultaneous
emissions of GWs and EMWs. Events B and C mark the
detections of the GWs and EMWs on the brane, respectively.
B′ is the location of the EMWs on the brane when the GWs
are detected. It can be seen that there is a time delay for the
detection of the EMWs.
to be the shortest path from the source to the observer.
Assuming that GWs and EMWs are emitted simultane-
ously, the difference between their trajectories could lead
to a time interval between the detections of them and
make the viewers on the brane misjudge the speed of
GWs. In other words, the four-dimensional viewers may
find that the speed of GWs is not equal to the speed of
light. In the next section, to figure out this question, we
will calculate the gravitational horizon radius and photon
horizon radius.
III. HORIZON RADIUS
For convenience, we would like to assume that the pro-
jections of the events A, B, B′, and C on the 3-sphere
(see Fig. 1) are lined along the radial direction r. Then
the four-dimensional null geodesic connecting events A,
B′, and C and the five-dimensional null geodesic con-
necting events A and B have the fixed angular variables,
θ and φ. And their trajectories follow
ds24 = −dt2 + a2dr¯2, (9)
ds25 = −f(R)dT 2 + f(R)−1dR2 +R2dr¯2, (10)
respectively, where we have introduced a coordinate
transformation, i.e., dr¯2 = 11−kr2 dr
2, for the sake of sim-
plification. From the metric (10), one finds two killing
vectors, ( ∂
∂T
)M and ( ∂
∂r¯
)M , and defines the following
4quantities:
κT ≡ gMNUM
( ∂
∂T
)N
= −f dT
dλ
, (11)
κr¯ ≡ gMNUM
( ∂
∂r¯
)N
= R2
dr¯
dλ
, (12)
where UM = dx
M
dλ
is a unit spacelike vector tangent
to the geodesic with λ the affine parameter of the five-
dimensional null geodesic. Obviously, the quantities κT
and κr¯ are conserved along the five-dimensional null
geodesic. For this five-dimensional null geodesic, the
combination of Eqs. (10), (11), and (12) gives
−κ
2
T
f
+
1
f
(dR
dλ
)2
+
κ2r¯
R2
= 0, (13)
dT
dλ
+
κT
f
= 0, (14)
dr¯
dλ
− κr¯
R2
= 0, (15)
and further
dR2 =
R2
κ2r¯
(
R2κ2T − fκ2r¯
)
dr¯2, (16)
dR2 =
f2
R2κ2T
(
R2κ2T − fκ2r¯
)
dT 2. (17)
It is obvious that the comoving distance between events
A and B on the brane can be obtained by integrating
Eq. (16):
rg =
∫ rB
rA
1√
1− kr2 dr =
∫ r¯B
r¯A
dr¯
=
∫ RB
RA
(R4
s
−R2f
)− 12
dR, (18)
where we have used the definition
s ≡ κ2r¯/κ2T . (19)
Note that, since the GWs originated from a binary sys-
tem are finally detected on the brane, the radial dis-
tances, RA and RB, could be converted into the redshifts
of the source and the observer, respectively. Here and af-
ter, we rescale the present-day scale factor aB as the unit
and use tildes to denote the rescaled quantities. Accord-
ingly, the rescaled gravitational horizon radius could be
expressed as
r˜g ≡ aB rg =
∫ 1
1
1+zA
R˜−2
(1
s
+
1
ℓ2
− k˜R˜−2
)− 12
dR˜, (20)
where k˜ ≡ k/a2B and R˜ ≡ R/aB are the rescaled spatial
curvature of a 3-sphere and the rescaled radial coordi-
nate, respectively. The observer redshift has been set to
zero and the source redshift is marked as zA.
Another crucial quantity is the rescaled photon horizon
radius:
r˜γ ≡ aB rγ =
∫ tB
tA
1
a˜
dt, (21)
where a˜ ≡ a/aB is the rescaled scale factor. Note that
the cosmological times, tA and tB, correspond to the mo-
ments the GWs are emitted and detected, respectively.
As we have mentioned, from the viewpoint of any five-
dimensional observer, events A and B are causally con-
nected by a five-dimensional null geodesic. Assuming
that the GWs and EMWs are emitted from the binary
star merger at the same cosmological time tA, the dis-
crepancy between the gravitational horizon radius and
photon horizon radius may result in a time delay △t be-
tween the detections of the GWs and EMWs. Accord-
ingly, in the case of r˜g > r˜γ , one has an approximate
formula
r˜g − r˜γ ≈ c△t (22)
under the low-redshift case z ≪ 0.1.
Here we should note that if a discrepancy between r˜g
and r˜γ in (22) appears, it will give us an opportunity to
explain the detected time delay. In this case, the time
delay is expected to carry the information of the extra
dimension [see Eqs. (20) and (22)] and one could read
out the feature of the dS5 radius. Mathematically, if the
integral of Eq. (20) deviates from Eq. (21), one can use
the observational data of some specific GWs events to
constrain the structure of the extra dimension through
Eq. (22). However, one finds that the quantity s in
Eq. (20) is still unknown. Therefore, one could not ob-
tain the gravitational horizon radius directly from the
observed data with Eq. (20). To solve this problem, we
would use the method introduced in Refs. [32, 33] in the
next section.
IV. PARAMETER TRANSFORMATION
In the previous section, based on Eq. (16) we have got
the gravitational horizon radius on the brane. However,
the unobservable quantity s therein makes Eq. (20) not so
practical. To eliminate the quantity s, one should recall
Eq. (17), with which the following equation is obtained:
∫ T˜B
T˜A
dT˜ =
∫ R˜B
R˜A
√
R˜2
R˜2 − f˜s
1
f˜
dR˜, (23)
where T˜ ≡ aBT is the rescaled coordinate time, f˜ ≡
f/a2B = k˜ − R˜2/ℓ2 is the rescaled function, and T˜A ≡
aBTA and T˜B ≡ aBTB are the rescaled coordinate times
of the emission and detection of GWs, respectively. In
principle, the quantity s could be solved from this equa-
tion directly as long as the coordinate time interval,
T˜AB ≡ T˜B − T˜A, is known. However, for any four-
dimensional observer, the detected time interval is the
5cosmological time interval, tAB ≡ tB − tA, which is re-
lated to the source redshift. So one should use Eqs. (6)
and (8) to express the rescaled coordinate T˜ in terms of
the cosmological time t. Accordingly, one finds that the
coordinate time interval T˜AB obeys∫ T˜B
T˜A
dT˜ =
∫ tB
tA
√
F1 +H2a˜2
F1
dt, (24)
where the definition F1(t) ≡ k˜+ a˜2/ℓ2 has been employed
and the quantity H(t) is the Hubble constant. Based on
Eqs. (23) and (24), the expression of the quantity s in
terms of the observable quantities could be obtained by
solving the following parameter equation:
∫ R˜B
R˜A
√
R˜2
R˜2 − f˜ s
1
f˜
dR˜ =
∫ zA
0
√
F2 +H2
F2H
dz,
(25)
where we have utilized the definition F2(z) ≡ k˜(1 +
z)2 + ℓ−2. Finally, with Eq. (20), one could express the
gravitational horizon radius in terms of the dS5 radius
and a series of the observable quantities, i.e., the source
redshift zA, the present-day Hubble constant HB , and
the present-day spatial curvature density Ωk. Recall-
ing Eq. (22), the dS5 radius could be constrained un-
der the low-redshift case for some specific GWs events.
In the next section, we will use the data of the event
GW170817/GRB 170817A [6, 17, 18] and the present-
day spatial curvature density [45, 46] to constrain the
dS5 radius.
V. CONSTRAINT
In 2017, the LIGO and Virgo detectors detected
the gravitational signal GW170817 originated from the
merger of a binary system, which is located at the rel-
atively close distance of 40+8−14Mpc from Earth [6, 19].
Then, 1.7 s later, GBM and SPI-ACS detected an EM
signal, i.e., GRB 170817A, originated from the same
place [17, 18], which is believed to be an EM coun-
terpart of the event GW170817. The time delay be-
tween GW170817 and GRB 170817A opens a wide range
of researches on the exotic physics, and could be ex-
plained by: (1) the astrophysical process of a binary NS
merger [11–16]; (2) the modified propagation speed of the
GWs [21–27]; (3) the shortcut of the five-dimensional null
geodesic [28–30, 32, 33].
It was found that the hot torus orbiting around
a rapidly spinning black hole will be formed within
100ms after the binary NS merger and could result in
SGRBs [11, 12, 14]. However, the exact process of the
binary NS merger is still unknown. So the time-lag δt be-
tween the emissions of SGRBs and GWs is highly model-
dependent. In other words, different astrophysical pro-
cesses of the binary NS merger predicted in exotic astro-
physical models will lead to different time-lags, i.e., δt’s.
In Refs. [15, 16], the authors pointed out that, if the
long-lived binary-merger product forms after the binary
NS merger, a black hole-torus system emitting SGRBs
will eventually appear through the collapse of the binary-
merger product. In such process, SGRBs are expected to
be produced later than the peak magnitude of the emis-
sion of GWs and δt could exceed 103 s easily [15, 16].
The time-lag δt could be reversed in a different consid-
eration. If the crust-core model is applied to the binary
NS merger, then the crust will crack with the emission of
GRBs seconds before the merger [13]. As a conclusion,
these models with different astrophysical processes give
a window of the time-lag δt, i.e., (−100 s, 1000 s) [20].
Therefore, the astrophysical processes could be used to
explain the time delay detected on the observations.
The present four-dimensional gravitational theories
could be divided into two categories by Weyl crite-
rion [57]. In the first class of theory, the propagation
speed of GWs equals to the speed of light, while in the
second class, the speed is not consistent with the speed
of light. It is obvious that the time delay △t and the
window of the time-lag δt of the events GW170817 and
GRB 170817A could give a constraint on the second class
of theory. According to Ref. [20], by ignoring the contri-
bution of the intergalactic medium dispersion and con-
sidering the window of δt (−100 s, 1000 s), the speed of
the GWs, cg, is constrained to
−2.4× 10−13 6 cg − cγ
cγ
6 2.5× 10−14. (26)
Note that, in Ref. [20], the travel distances of the SGRBs
and GWs are chosen as 26Mpc and the window of the
time-lag δt is (0 s,10 s), so the speed of the GWs, cg, is
constrained to −3×10−15 6 cg−cγ
cγ
6 7×10−16. It implies
that the modification on the speed of GWs is extremely
small.
Note that this constraint is based on the four-
dimensional theories. In higher-dimensional theories,
EMWs are confined on the brane while GWs could prop-
agate through the bulk. So the trajectory of the GWs
could be the shortest path (called shortcut) in the bulk.
Therefore, even if the GWs and SGRBs are emitted
from the same source simultaneously and follow the null
curves, they are expected to arrive at the observer suc-
cessively and result in the time delay △t [30, 32, 33]. In
this case, the gravitational horizon radius on the brane
is effected by the structure of the extra dimension and
the four-dimensional observer may misjudge the prop-
agation speed of the GWs. In conclusion, for a given
higher-dimensional gravitational theory which allows a
shortcut, the constraint on the propagation speed of the
GWs (26) will be changed. To show this, we will quali-
tatively analyse the modified constraint here. As shown
in Fig. 1, for the event GW170817/GRB 170817A, when
the GWs are detected, the SGRBs is arriving at the point
B′. Then the timelike curve BC denotes the time delay
between the detections of GW170817 and GRB 170817A.
6For a given higher-dimensional theory and under the low-
redshift, the propagation speed of the GWs, c′g, viewed
by the five-dimensional observer obeys:
Lγ
cγ
− Lg
c′g1
= δt1 +∆t ≡ ∆t1, (27)
Lg
c′g2
− Lγ
cγ
= δt2 −∆t ≡ ∆t2, (28)
where Lγ is the travel distance of the SGRBs from A to
C (see Fig. 1), Lg ≡ Lγ − ∆L is the travel distance of
the GWs from A to B along the shortcut, ∆t = 1.734 s
is the detected time delay for the event GW170817/GRB
170817A, cγ is the propagation speed of the SGRBs on
the brane, δt1 = 100 s and δt2 = 1000 s correspond to the
different time-lags between the emissions of the SGRBs
and GWs, and c′g1 and c
′
g2 are respectively the upper and
lower bounds on c′g. According to Eqs. (27) and (28), the
bounds could be expressed as
c′g1 =
Lgcγ
Lγ − cγ∆t1 = cg1 −
∆L cγ
Lγ − cγ∆t1 , (29)
c′g2 =
Lgcγ
Lγ + cγ∆t2
= cg2 −
∆L cγ
Lγ + cγ∆t2
, (30)
or
c′g1 − cγ
cγ
=
cg1 − cγ
cγ
− δ1, (31)
c′g2 − cγ
cγ
=
cg2 − cγ
cγ
− δ2, (32)
where δ1 ≡ ∆LLγ−cγδt1 and δ2 ≡ ∆LLγ+cγδt2 are the cor-
rection terms determined by the shortcut in the higher-
dimensional theory, and cg1 ≡ cγLγLγ−cγ∆t1 and cg2 ≡
cγLγ
Lγ+cγ∆t2
are respectively the upper and lower bounds
on cg in the four-dimensional theory. One finds that, for
a given higher-dimensional theory allowing a shortcut,
the propagation speed of the GWs is modified as follows:
−(2.4× 10−13+δ2) 6 c′g−cγ
cγ
6 2.5× 10−14−δ1, (33)
which shows that both the upper and lower bounds are
lower.
In the next context, we will focus on the brane model
constructed in Sec. II that may allow the existence of
the shortcut and assume that GWs and SGRBs are origi-
nated from the same source simultaneously with the same
speed. Further, we will use the observed time delay △t
in the event GW170817/GRB 170817A to constrain the
size of the dS5 radius.
A. Approximation
Before we calculate the constraint on the dS5 radius,
we should consider some approximate conditions which
are useful to simplify our calculations in the following
context. In Sec. II, we have set k > 0 and µ = 0 so that
the black hole horizon vanishes. As shown in Fig. 1, our
Universe is a four-dimensional hypersurface embedded in
the dS5 spacetime. At a constant cosmological time t1, it
is a 3-sphere with a constant radial distance R1 = a(t1).
For big bang theory, our Universe (the brane) arises from
a singularity, at which we have a(t0 = 0) = 0. With
this consideration, our Universe is to be embedded in-
side the cosmological horizon. On the other hand, one
finds that, if events on the brane are causally connected
by four-dimensional null or timelike geodesics, they are
still causally connected by five-dimensional ones. In other
words, the causal structure inside the cosmological hori-
zon is not broken. Note that, as our Universe is inside the
cosmological horizon, the present-day radius distance RB
of our Universe should be smaller than
√
kℓ, i.e., k˜ℓ2 > 1.
Moreover, since the four-dimensional cosmological model
will be recovered on the brane in the case of a large dS5
radius [49–52], we further expect that R2B ≪ kℓ2. In
the following, we will first consider two types of extreme
Universe models: de Sitter model (containing only dark
energy) and Einstein-de Sitter model (containing only
dark matter), which helps us to check the results ob-
tained in the real Universe model. For the real Universe,
the results should be somewhere in between. To coincide
with the fact that our Universe mainly contains dark en-
ergy, dark matter, and ordinary matter, we then assume
that the dynamics of the present-day Universe follows
the Friedmann equation introduced in the ΛCDM model.
The constraint in this model requires a large dS5 radius.
B. de Sitter model
The four-dimensional Friedmann equation in the de
Sitter model is given by
H2 = H2B
(
ΩΛ +
Ωk
a˜2
)
, (34)
where ΩΛ is the present-day effective cosmological con-
stant density andHB is the present-day Hubble constant.
Replacing the Hubble constant in Eq. (24) with Eq. (34),
one finds that the rescaled coordinate time interval T˜AB
between the emission and detection of the GWs obeys
the following equation:
7tanh
( T˜ABHB√−Ωk
ℓ
)
=
√−Ωk
√
−1 + ℓ2H2B(1 − Ωk)(1 + zA −
√
1 + zA(2 + zA)Ωk)
(1 + zA)Ωk
[
1− ℓ2H2B(1− Ωk)
]−√1 + zA(2 + zA)Ωk . (35)
The integral of Eq. (23) has a similar form:
tanh
( T˜ABHB√−Ωk
ℓ
)
=
√−Ωk
√
−1 +Qℓ2
(
(1 + zA)
√
Q
H2
B
+Ωk −
√
Q
H2
B
+ (1 + zA)2Ωk
)
(1 + zA)Ωk(1−Qℓ2)−
√
Q
H2
B
+Ωk
√
Q
H2
B
+ (1 + zA)2Ωk
, (36)
where Q ≡ 1
s
+ 1
ℓ2
is a new parameter introduced for
convenience. It is obvious that Eqs. (35) and (36) are
equivalent as long as s = ℓ2[H2B(1 − Ωk)ℓ2 − 1]−1. So
it is the solution of Eq. (25). Finally, one obtains the
gravitational horizon radius in terms of the observable
quantities as follows:
r˜g =
arctan
( √
−Ωk√
Ωk+
1−Ωk
(1+zA)
2
)
− arctan(√−Ωk)
HB
√−Ωk
, (37)
which indeed equals to the photon horizon radius (21).
It implies that, in our model, if the Universe is domi-
nated by the dark energy, the extra dimension may not
cause the discrepancy between the gravitational horizon
radius and photon horizon radius. Therefore, there is
no time delay △t between the GWs and EMWs emitted
simultaneously.
One should note that Eq. (24) highly depends on cos-
mological models. So one may get a different solution
of the quantity s in other cosmological models. In the
next subsection, we will give the gravitational and pho-
ton horizon radii in the Einstein-de Sitter model.
C. Einstein-de Sitter model
Now, we assume that our Universe is dominated by the
dark matter. In this case Eq. (35) and hence the solu-
tion of s will change. Since the calculation is extremely
tedious, we do not show all results here. Instead, for
the event GW170817/GRB 170817A, we give the gravi-
tational horizon radius and photon horizon radius as fol-
lows:
r˜g ≃
arctan
(
HB
√
−Ωk√
C2
(1+zA)
2+H
2
BΩk
)
− arctan
(
HB
√
−Ωk√
C2+H2BΩk
)
HB
√−Ωk
+
√
C2 +H2BΩk −
√
C2
(1+zA)2
+H2BΩk
2
√
C2
(1+zA)2
+H2BΩk
√
C2 +H2BΩk
C1
C2ℓ2H2BΩk
,
(38)
r˜γ =
2
[
arctan(
√−Ωk)− arctan
( √
−Ωk√
1+zA−zAΩk
)]
HB
√−Ωk
. (39)
Here C1 and C2 are very complex parameter functions of
zA, HB, and Ωk. We also do not show them here. Gen-
erally speaking, the two horizon radii (38) and (39) are
different and the discrepancy between them will result
in the time delay △t. Taking advantage of the events
GW170817 and GRB 170817A, we can obtain the con-
straint on the dS5 radius.
From the data of the LIGO-Virgo detectors, the source
redshift of GW170817 is about zA = 0.008
+0.002
−0.003 [6, 19].
The collaboration of the LIGO-Virgo detectors, GBM,
and SPI-ACS shows a time delay about △t = 1.74+0.05−0.05 s
between the detections of GW170817 and its EM coun-
terpart GRB 170817A [6, 17–20]. Concerning the un-
certainty, we choose three sets of the redshifts (0.01,
0.008, 0.005). In addition, we first assume that the GWs
and EMWs are emitted simultaneously. Then, with re-
spect to the present-day spatial curvature density, the
dS5 radius is shown in Fig. 2(a). Based on the Planck
data [45, 46], the present-day Hubble constant is chosen
as HB = 67.36 kms
−1Mpc.
From Fig. 2(a), one finds that the dS5 radius increases
with the decrease of |Ωk|. The uncertainty in the mea-
sured source redshift of GW170817 could result in a small
correction to the constraint on the dS5 radius. It means
that the dS5 radius is not sensitive to the redshift rang-
ing from 0.005 to 0.01. The analysis of the cosmic mi-
crowave background by Planck collaboration has given a
constraint on the present-day spatial curvature density
|Ωk| . 10−3 (see Table 5 in Ref. [45] and Table 4 in
Ref. [46]). According to it, we constrain the dS5 radius
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FIG. 2: The dS5 radius with respective to the present-day spatial curvature density and the discrepancy between the gravi-
tational and photon horizon radii with respect to the dS5 radius for the event GW170817/GRB 170817A. (a) The dS5 radius
for different cosmological redshifts. The redshifts, zA = 0.005 (green curve), zA = 0.008 (orange curve), and zA = 0.01 (blue
curve), correspond to the data given by the gravitational observation of GW170817 with the consideration of the uncertainty.
The time delay △t is fixed to ∆t = 1.734 s. (b) The dS5 radius for different time delays △t’s. We fix the redshift to zA = 0.008
in this subfigure. The blue curve with ∆t = 1.734 s corresponds to the assumption that GWs and SGRBs are originated from
the source simultaneously. According to the window (−100 s, 1.734 s) predicted in the exotic astrophysical models, the curve,
∆t = 100 s (green dotted curve), denotes the case that SGRBs are emitted from the binary NS merger about 100 s early than
the emission of GWs. The orange dashed curve with ∆t = 10 s is used to show the dS5 radius in the case of a time-lag δt within
(−100 s, 1.734 s). The gray dashed region in the first two subfigures denotes the region excluded by the condition k˜ℓ2 > 1. (c)
The dimensionless discrepancy ∆r ≡ (r˜g − r˜γ)/L with L = 1Mpc for different present-day spatial curvature densities. The
blue, orange, and green curves correspond to the different present-day spatial curvature densities: |Ωk| = 10
−4, |Ωk| = 10
−5,
and |Ωk| = 10
−6.
to ℓ & 27.1Mpc with the combination of Eqs. (22), (38),
and (39). On the other hand, since the embedded Uni-
verse requires an extra condition on the dS5 radius, i.e.,
k˜ℓ2 > 1, the dS5 radius located in the gray dashed region
is excluded out. Consequently, it gives some stronger
constraints on the dS5 radius, e.g., ℓ & 7.5× 102Tpc for
zA = 0.01 and ℓ & 1.1× 103Tpc for zA = 0.005. Accord-
ingly, we finally give a lower bound on the dS5 radius
ℓ & 7.5× 102Tpc. As shown in Fig. 2(a), the bound also
denotes a constraint on the present-day spatial curvature
density |Ωk| . 3.6 × 10−11. Therefore, if the constraint
on the spatial curvature density obtained by the future
Planck collaboration contradicts to this result, the five-
dimensional model considered in this paper should be
ruled out then.
The previous context mainly bases on the assumption
that the GWs and SGRBs are emitted simultaneously.
Here we will consider the contribution of different astro-
physical processes of the binary NS merger to the dS5
radius. Since we have assumed that the GWs have the
same speed as the SGRBs, the shortcut will naturally
result in a larger gravitational horizon radius than the
photon horizon radius. Therefore, we choose the win-
dow ranging from −100 s to 1.734 s and investigate the
effect of them on the dS5 radius. As shown in Fig. 2(b),
an interesting result is that such time-lag δt introduced
in the present alternative astrophysical models has lit-
tle effect on the constraint. It could be explained by the
fact that the dimensionless discrepancy ∆r ≡ (r˜g− r˜γ)/L
with L = 1Mpc between the two horizon radii decreases
extremely fast with the increase of the dS5 radius [see
Fig. 2(c)].
D. ΛCDM model
The Planck results [45, 46, 58] indicate that our Uni-
verse could be well described by a spatially flat ΛCDM
model. Therefore, we will assume the expansion rate of
our real Universe as
H2 = H2B
(
ΩΛ +
Ωk
a˜2
+
Ωm
a˜3
)
, (40)
where Ωm is the present-day energy density of the non-
relativistic matter, ΩΛ is the present-day energy density
of the dark energy, and Ωk is small compared with Ωm
and ΩΛ. With the same approach used in the previous
subsections, we obtain the gravitational horizon for the
event GW170817/GRB 170817A:
r˜g ≃
arctan
(
HB
√
−Ωk√
C3
(1+zA)
2+H
2
BΩk
)
− arctan
(
HB
√
−Ωk√
C3+H2BΩk
)
HB
√−Ωk
+
√
C3 +H2BΩk −
√
C3
(1+zA)2
+H2BΩk
2
√
C3 +H2BΩk
√
C3
(1+zA)2
+H2BΩk
C4
C3ℓ2H2BΩk
,
(41)
9which has the same form as Eq. (38) while C3 and C4 are
parameter functions of ΩΛ, Ωm, Ωk, HB, and zA. Obvi-
ously, C3 and C4 are much more complex than C1 and
C2 and we are not going to show the explicit forms of
them. From the analysis in the previous subsections, we
know that the time delay △t resulting from the short-
cut would arise when the expansion rate of our Universe
deviates from Eq. (34). Therefore, for the same value of
Ωk, such time delay △t should be smaller in the ΛCDM
model compared with the Einstein-de Sitter model. On
the other hand, the similar form of Eqs. (38) and (41) in-
dicates that △t ∝ 1/ℓ2. One then expects that the lower
bound on the dS5 radius in ΛCDM model is larger than
the one in the Einstein-de Sitter model.
In the following analysis, we will fix the density pa-
rameters to ΩΛ = 0.685 and Ωm = 0.315, according to
the Planck 2015 and Planck 2018 data [45, 46]. Besides,
we will respectively parametrize ΩΛ and Ωm as
ΩΛ =
ΩΛ
ΩΛ +Ωm
(1− Ωk) (42)
and
Ωm =
Ωm
ΩΛ +Ωm
(1 − Ωk), (43)
such that the ratio between the dark energy and the
nonrelativistic matter is unchanged when considering the
contribution of the curvature. Taking advantage of the
events GW170817 and GRB 170817A, we show the con-
straints on the dS5 radius in Fig. 3. Similar to the case of
the Einstein-de Sitter model, the uncertainty in the red-
shift and the different time-lags δts have little effect on
the constraint. While, for the same value of the present-
day curvature energy density, ΛCDM model requires a
larger dS5 radius compared with the Einstein-de Sitter
model such that the condition k˜ℓ2 > 1 (gray dashed
region) gives a smaller lower bound on the dS5 radius,
e.g., ℓ & 16.5 kpc for zA = 0.01 and ℓ & 19.3 kpc for
zA = 0.005. From Fig. 3, one finds that these constraints
are much smaller than the constraint given by the condi-
tion |Ωk| . 10−3. Eventually, with |Ωk| . 10−3, we give
a lower bound on the dS5 radius as ℓ & 2.4 × 103Tpc
which is larger than the lower bound in the Einstein-de
Sitter model (see Sec. VC). It is now obvious that, in
ΛCDM model, a large dS5 radius is required, and this
result is quite different from the case in Ref. [33] (where
AdS5 radius is constrained to ℓ & 0.535Mpc). As we have
mentioned before, the Planck analyses indicate that the
standard ΛCDM model could describe our real Universe
in a high accuracy [45, 46, 58]. Therefore, the modi-
fied Friedmann equation on the brane should not deviate
from the standard form too much. For an AdS5 bulk,
to ensure that the modified field equation on the brane
recovers the Einstein-Hilbert equation, one needs a small
AdS5 radius [41–43]. While, for a dS5 bulk, as shown in
Refs. [49–52], one recovers the standard cosmology model
only if the dS5 radius is extremely large. It is then obvi-
ous that our result coincides with this fact.
VI. CONCLUSION
The recent detection of GW170817 by the LIGO-Virgo
detectors and the following detection of GRB 170817A
by GBM and SPI-ACS imply a binary NS merger near
the NGC 4399 [6, 17, 18] and prove the link between
SGRBs and binary NS mergers [19]. It therefore opens
a wide range of astrophysical researches on the NS (e.g.
Refs. [59–65]). On the other hand, the observed time
delay △t between the GWs and SGRBs may reveal the
existence of exotic physics. In higher-dimensional the-
ories, GWs could pass through the bulk while EMWs
are confined on the brane (see Fig. 1). Assuming that
both the GWs and SGRBs follow null curves and are
originated from the same source simultaneously, a dis-
crepancy between the gravitational horizon radius and
photon horizon radius may appear and result in the time
delay observed by the detectors. Since the gravitational
horizon radius is affected by the structure of the extra
dimension, it is then expected that the time delay will
carry some information of the extra dimension. There-
fore, the time delay is a key to investigating the structure
of the extra dimension [30, 32, 33].
We considered a static spherically symmetric dS5
spacetime, where our Universe (viewed as a brane) is
embedded. The brane is located inside the cosmologi-
cal horizon so that the scale factor could increase from
a(t = 0) = 0 to a(t = tB). We firstly calculated the
gravitational horizon radius and photon horizon radius
under the assumption that our Universe is dominated
by the dark energy/the dark matter. We found that, in
the former case, the discrepancy between the two hori-
zon radii vanishes, while in the latter case, it appears
and the observed time delay may result from it. Ac-
cordingly, we used the time delay △t to constrain the
dS5 radius with respect to different present-day spatial
curvature densities (see Fig. 2). We found that the con-
straint on Ωk given by the Planck collaboration [45, 46]
leads to a constraint on the dS5 radius ℓ & 27.1Mpc.
Moreover, the extra condition, k˜ℓ2 > 1, used to em-
bed our Universe excludes out some parameter regions
and gives a stronger constraint on the dS5 radius, e.g.,
ℓ & 7.5 × 102Tpc for zA = 0.01 and ℓ & 1.1 × 103Tpc
for zA = 0.005. Consequently, we gave a lower bound
on the dS5 radius as ℓ & 7.5 × 102Tpc in the Einstein-
de Sitter model. We also found that this bound gives a
constraint on the present-day spatial curvature density
|Ωk| . 3.63× 10−11, which is useful to judge the validity
of the five-dimensional model with an Einstein-de Sitter
brane.
To coincide with the observations [45, 46, 58], we then
consider the ΛCDM model of our Universe where the
dark energy and the dark matter are both included. Un-
like the case of the Einstein-de Sitter model, the condi-
tion k˜ℓ2 > 1 now constrains the dS5 radius to, e.g., ℓ &
16.5 kpc for zA = 0.01 and ℓ & 19.3 kpc for zA = 0.005.
Besides, as shown in Fig. 3, the constraint |Ωk| . 10−3
gives a smaller lower bound as ℓ & 2.4 × 103Tpc com-
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FIG. 3: The dS5 radius with respective to the present-day spatial curvature density. (a) The dS5 radius for different cosmological
redshifts. The redshifts and the time delay △t are fixed to zA = 0.005 (green curve), zA = 0.008 (orange curve), zA = 0.01
(blue curve), and ∆t = 1.734 s, respectively. (b) The dS5 radius for different time delays △t’s. We fix the redshift to zA = 0.008
in this subfigure. We choose three kinds of curves, the blue curve with ∆t = 1.734 s, the orange dashed curve with ∆t = 10 s,
and the green dotted curve with ∆t = 100 s, according to the window of the time-lag δt, (−100 s, 1.734 s), predicted in the
exotic astrophysical models. The gray dashed region in the first two subfigures denotes the region excluded by the condition
k˜ℓ2 > 1.
pared with the Einstein-de Sitter model. Indeed, by com-
paring Eqs. (38) and (41), one finds that the time delay
∆t obeys ∆t ∝ 1/ℓ2. Note that, in Sec. VB, we have
pointed out that the time delay resulting from the extra
dimension vanishes in the de Sitter model. Though no
constraint could be obtained directly in this model, we
could give an estimation on the dS5 radius ℓ by taking
the condition ΩΛ ≫ Ωm in the ΛCDM model. Since the
time delay is proportional to the inverse of ℓ2, a van-
ishing contribution of the extra dimension to the time
delay denotes an extremely large dS5 radius in the de
Sitter model. On the other hand, by taking into account
the condition Ωm ≫ ΩΛ, the constraint obtained in the
ΛCDM model approximates to the one in the Einstein-de
Sitter model. Thus the de Sitter model gives an upper
bound on the dS5 radius, while the Einstein-de Sitter
model gives a lower bound. The constraint obtained in
the ΛCDM model should be somewhere in between. Our
results are consistent with it.
We also simply analyze the sensitivity of our constraint
to the parameters. We investigated the effect of the un-
certainty in the source redshift on our constraint. The
result shows that, for the event GW170817, the uncer-
tainty gives little effect on the constraint. Note that this
constraint was obtained by assuming the simultaneous
emissions of the GWs and SGRBs. However, for dif-
ferent astrophysical processes of the binary NS merger,
there is a time-lag between the emissions of the GWs and
SGRBs. Therefore, we chose some nonvanishing δt’s to
show the effect of different astrophysical processes on the
constraint. Since the GWs follow the shortcut which is
a null curve, we considered a window of the time-lag δt
ranging from −100 s to 1.734 s. We finally found that,
our constraints are not sensitive to the time-lag in this
range [see Figs. 2(b) and 3(b)].
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